Geometry optimization and harmonic vibrational frequency calculations have been carried out on thẽ X 2 A state of P 2 H and theX 1 A state of P 2 H − using the restricted-spin coupled-cluster single-double plus perturbative triple excitation [RCCSD(T)] and explicitly correlated unrestricted-spin coupledcluster single-double plus perturbative triple excitation [UCCSD(T)-F12x] methods. For RCCSD(T) calculations, basis sets of up to the augmented correlation-consistent polarized valence quintuple-zeta (aug-cc-pV5Z) quality were employed, and contributions from extrapolation to the complete basis set limit and from core correlation of the P 2s 2 2p 6 electrons were also included. For UCCSD(T)-F12x calculations, different atomic orbital basis sets of triple-zeta quality with different associated complementary auxiliary basis sets and different geminal Slater exponents were used. When the P 2s 2 2p 6 core electrons were correlated in these F12x calculations, appropriate core-valence basis sets were employed. In addition, potential energy functions (PEFs) of theX 2 A state of P 2 H and theX 1 A state of P 2 H − were computed at different RCCSD(T) and UCCSD(T)-F12x levels, and were used in variational calculations of anharmonic vibrational wavefunctions, which were then utilized to calculate Franck-Condon factors (FCFs) between these two states, employing a method which includes allowance for anharmonicity and Duschinsky rotation. The photodetachment spectrum of P 2 H − was then simulated using the computed FCFs. Simulated spectra obtained using the RCCSD(T)/aug-cc-pV5Z and UCCSD(T)-F12x(x = a or b)/aug-cc-pCVTZ PEFs are compared and found to be essentially identical. Based on the computed FCFs, a more detailed assignment of the observed vibrational structure than previously reported, which includes "hot bands," has been proposed. Comparison between simulated and available experimental spectra has been made, and the currently most reliable sets of equilibrium geometrical parameters for P 2 H and its anion have been derived. The photodetachment spectrum of P 2 D, yet to be recorded, has also been simulated.
INTRODUCTION
Recently, two high-level ab initio studies have been reported on the diphosphenyl radical (P 2 H) and related species. One of them, published in 2006, was on the investigation of hydrogen bridging in X 2 H compounds, where X = Al, Si, P, and S. 1 Both P 2 H and its anion were considered with a view to identifying suitable X 2 H and X 2 H − type species, which may prevent uniform layer deposition in a chemical vapor deposition process through the scavenging of reactant molecules in the semiconductor industry. 1 The restricted-spin coupled-cluster single-double plus perturbative triple excitation [RCCSD(T)] method, and the density functional theory (DFT) method with various functionals, were employed. The highest level of calculation performed was RCCSD(T) with the augmented correlation-consistent polarized valence a) Authors to whom correspondence should be addressed. Electronic addresses: bcdaniel@polyu.edu.hk and epl@soton.ac.uk.
quadruple-zeta (aug-cc-pVQZ) basis set. The second study, published in 2007, was on the heats of formation of various P n H m molecules, as possible chemical hydrogen storage systems. 2 P 2 H was considered because it is a product from the PH cleavage of P 2 H 4 . The highest level of calculations used in this investigation 2 to obtain the equilibrium geometry and harmonic vibrational frequencies of P 2 H, were RCCSD(T)/aug-cc-pV(T+d)Z. Further single energy calculations at the RCCSD(T)/aug-cc-pV(Q+d)Z level were also carried out, for extrapolation to the complete basis set (CBS) limit, in order to obtain more accurate heat of formation. In summary, these two computational studies 1, 2 on P 2 H demonstrate recent interest in this radical and its relevance to a number of areas.
Prior to the computational studies 1, 2 described above, the 351.1 nm (hν = 3.531 eV) laser negative-ion photoelectron spectrum of P 2 H − was reported in 2005. 3 To our knowledge, this is the only spectroscopic study available on P 2 H. In this photodetachment study, 3 in order to assist assignment of the observed photodetachmant band, DFT calculations at the B3LYP/aug-cc-pVTZ level were performed to obtain optimized geometries and harmonic vibrational frequencies, and single energy coupled-cluster single-double plus perturbative triple CCSD(T)/aug-cc-pVTZ calculations were used to evaluate the electron affinity of P 2 H. In addition, Franck-Condon factors (FCFs) were calculated within a harmonic-oscillator model, which included Duschinsky rotation, using normal coordinate vectors from the B3LYP/augcc-p-VTZ frequency calculations, in order to simulate the vibrational structure in the photodetachment spectrum. Based on the results of the ab initio and FCF calculations, the observed vibrational structure with a major progression of 630 ± 20 cm −1 and a minor progression of 2160 ± 30 cm −1 was assigned to the PPH bending mode (ν 2 ) and the PH stretching mode (ν 1 ) of P 2 H, respectively. Although no vibrational structure due to the PP stretching mode (ν 3 ) was identified in the observed spectrum, using the FranckCondon intensities to fit the displacements in the other two modes, estimates of increases of 0.023 Å, 0.068 Å, and 8
• in the PP and PH distances, and the PPH angle, respectively, from the neutral to the anion were obtained via the iterative Franck-Condon analysis (IFCA; vide infra) procedure. 3 Subsequent to this experimental photodetachment study 3 on P 2 H − , a combined ab initio/FCF study on the photodetachment spectrum of P 2 H − was published in 2006. 4 DFT and ab initio calculations were performed, with the highest level being CCSD/6-311+G(2d,p). The FCF calculations carried out in Ref. 4 were similar to those of Ref. 3 , i.e., they used the harmonic oscillator model. In Ref. 4 , the geometrical parameters obtained for P 2 H − were r e (PH) = 1.503 ± 0.001 Å and θ e (PPH) = 106.3 ± 0.2
• . However, in the IFCA procedures carried out in both Refs. 3 and 4, the geometry of P 2 H was fixed to the computed B3LYP/aug-cc-pVTZ and B3LYP/6-311+G(2d,p) geometries, respectively, because experimental geometrical parameters of P 2 H were unavailable at the time (and even now), and the geometrical parameters of the anion were varied until the best match between the simulated and observed vibrational structure was obtained. Clearly, this is far from the ideal as the B3LYP geometries of P 2 H used in the IFCA procedures of both Refs. 3 and 4 differ significantly from available, later computed, higher level CCSD(T) geometries 1 3, 4 FCFs were computed within the harmonic oscillator model, although it is expected that contributions from anharmonicity will be considerable, at least for the PH stretching (ω 1 ) mode of P 2 H and P 2 H − . Indeed, the large differences of ∼140 cm −1 between available computed harmonic ω 1 values 1-4 of ∼2300 cm −1 and the observed fundamental ν 1 value of 2160 ± 30 cm −1 for P 2 H from the experimental photodetachment spectrum 3 clearly show the importance of including anharmonicity in the theoretical model to be employed to describe the system. In view of these inadequacies in previous studies, we propose to carry out state-of-the-art ab initio calculations on P 2 H and its anion in order to obtain their most reliable theoretical geometrical parameters and to perform FCF calculations, which include anharmonicity.
In addition to the conventional CCSD(T)/CBS approach using correlation consistent basis sets, which may be currently considered as the gold standard of quantum chemistry, [5] [6] [7] the recently reported, explicitly correlated UCCSD(T)-F12x (x = a or b) methods, 8 which correct the lack of derivative discontinuity (cusp) in standard wavefunctions, 9, 10 have also been employed. The use of the UCCSD(T)-F12x method follows our recently published works on AsX 2 (X = H, F, or Cl), and their ions, [11] [12] [13] where Franck-Condon spectral simulations including allowance for anharmonicity were carried out on theÃ(0,0,0)-X SVL emission spectrum of AsH 2 , 11 the photoelectron spectra of AsF 2 and AsCl 2 , and the photodetachment spectra of AsF 2 − and AsCl 2 − , 12, 13 using UCCSD(T)-F12x potential energy functions (PEFs). In these studies, [11] [12] [13] it was concluded that the explicitly correlated method, UCCSD(T)-F12x, could be used to generate reliable PEFs in lieu of conventional correlated methods, such as RCCSD(T), at a considerably reduced cost. Specifically, simulated spectra obtained using RCCSD(T)/aug-cc-pCV5Z and RHF/UCCSD(T)-F12a/aug-cc-pCVTZ PEFs are essentially identical (see Refs. 11 and 12) , indicating that with a smaller basis set, the F12 method has produced comparable results to those of the RCCSD(T) method with a larger basis set.
THEORETICAL METHODS AND COMPUTATIONAL DETAILS
Geometry optimization and harmonic vibrational frequency calculations were carried out on theX 2 15 The various basis sets, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] frozen cores, and the geminal Slater exponent (β in F12 calculations; vide infra) used are summarized in Table I  (see footnotes of Table I and the MOLPRO online manual  27 ). For RCCSD(T) calculations, the largest basis set used is the aug-cc-pwCV5Z basis set, 19 which consists of 514 contracted Gaussian functions for P 2 H. Extrapolations of optimized geometrical parameters and computed relative electronic energies to the CBS limit were carried out employing the two point 1/X 3 extrapolation formula [29] [30] [31] with the computed RCCSD(T) values, using the aug-cc-pwCVQZ (basis A) and aug-cc-pwCV5Z (basis B) basis sets, which also include P 2s 2 2p 6 core correlation. For UCCSD(T)-F12x calculations, the scaled perturbative triples obtained by a simple scaling factor, E(T sc ) = E(T) × E corr MP2-F12 /E corr MP2 (i.e., the ratio between the computed correlation energies obtained at the MP2 and MP2-F12 levels; see Refs. 8 and 27), have been used throughout. In general, the choices of the various AO (atomic orbital), RI [resolution of the identity or associated complementary auxiliary basis sets (CABS) for RI approximations], and DF (density fitting) basis sets, and the corresponding β values [in the nonlinear correlation factor, F (r 12 ) = −(1/β)exp(−βr 12 ), used in the explicitly correlated wavefunction], used in the F12 calculations have followed recommendations of Refs. 8 and/or 21.
The PEFs of the two electronic states involved, the corresponding anharmonic vibrational wavefunctions and FCFs were computed as described previously. [32] [33] [34] Briefly, the PEFs have the form of the polynomial,
S 2 is the bending coordinate of Carter and Handy, 35 S 2 = θ + α θ 2 + β θ 3 , where θ is the displacement of the bond angle from the equilibrium value, (θ -θ e ). S 1 and S 3 are the displacements of the HP and PP bond lengths from the equilibrium values, (r-r e ), respectively. Energy scans over all three internal coordinates (PP, PH, and θ ) from the equilibrium positions of P 2 H and P 2 H − were carried out at the RCCSD(T)/B1, UCCSD(T)-F12a/E, and UCCSD(T)-F12b/E levels, and the computed total electronic energies were used for PEF fittings. The root-mean-square (rms) deviations between the fitted PEFs and the computed ab initio energies are between 10.3 and 16.6 cm −1 . Variational calculations, which employed the rovibronic Hamiltonian of Watson 36 for a nonlinear molecule, were carried out to obtain the anharmonic vibrational wavefunctions and energies. The anharmonic vibrational wavefunctions were expressed as linear combinations of harmonic oscillator functions (see Ref. 33) . In the simulation of the photodetachment band of P 2 H − , vibrational components were simulated using Gaussian functions with a full width at half maximum (FWHM) of 5 meV. The relative intensity of each vibrational component in a simulated spectrum is the corresponding computed anharmonic FCF (with the FCF of the strongest vibrational component or the band maximum set to 100 in the simulated spectrum). The experimental EA 0 value of 1.514 eV from Ref. 3 has been used in all simulated spectra in order to facilitate a direct comparison between the simulated and observed vibrational structure. Vibrational "hot bands" (photodetachment bands arising from excited vibrational levels of the anion) were considered in the FCF calculations, assuming various Boltzmann vibrational temperatures, because "hot bands" had been identified in the experimental vibrational structure, 3 though no discussion of them in the photodetachment spectrum of P 2 H − was given in Ref. 3 and "hot bands" were ignored in Ref. 4 . The IFCA procedure (see also Ref. 37) , mentioned above and carried out in Refs. 3 and 4, has also been carried out in the present study. However, in contrast to previous studies, 3, 4 which had employed B3LYP geometries for P 2 H, the IFCA procedure carried out in the present study was based on the RCCSD(T)/CBS geometries of the two states (vide infra), which are currently the most reliable theoretical geometries for P 2 H and P 2 H − .
RESULTS AND DISCUSSIONS

Optimized geometrical parameters
Optimized geometrical parameters of P 2 H and its anion obtained in the present work at different levels of calculation are summarized in Tables II and III , respectively, together with available theoretical and experimental values for comparison. Based on the results from the series of RCCSD(T) calculations performed here on P 2 H, as given in Table II , while basis size (from QZ to 5Z quality) effects reduce the computed PP bond lengths (r e ) of P 2 H by [0.0029(without core); 0.0021(with core)] Å, core correlation (without and with P 2s 2 2p 6 correlation) effects also reduce them by [0.0087(QZ); 0.0079(5Z)] Å, respectively. For computed PH bond lengths of P 2 H, while basis size effects are negligibly small (±0.0002 Å), core effects reduce their values by [0.0035(QZ); 0.0031(5Z)] Å. Regarding computed PPH bond angles, θ , both basis set and core correlation effects can be considered as insignificantly small (<0.1
• ). The best b Extrapolation to the complete basis set (CBS) limit using the 1/X 3 formula with the RCCSD(T)/A and RCCSD(T)/B values (see text). The estimated uncertainty is the difference between the RCCSD(T)/CBS and RCCSD(T)/B values. c The geometrical parameters of the two electronic states were fixed to the RCCSD(T)/CBS values, except for the bond angle of the neutral, which was set to 96.47
• (see text).
estimates of the equilibrium geometrical parameters of P 2 H at the RCCSD(T)/CBS level are r e (PP) = 1.9955 ± 0.0022 Å, r e (PH) = 1.4252 ± 0.0002 Å, and θ (PPH) = 97.05 ± 0.02
• (see footnote b of Table II for the estimated uncertainties), and are clearly the most reliable theoretical values currently available (see Table II) . For P 2 H − , basis size and core correlation effects on the computed geometrical parameters behave in a very similar way to P 2 H (see Tables II and III ) and hence will not be discussed again. The best estimates at the RCCSD(T)/CBS level are r e (PP) = 2.0142 ± 0.0024 Å, r e (PH) = 1.4531 ± 0.0003 Å, and θ (PPH) = 105.72 ± 0.01
• (see footnote b of Table III for the estimated uncertainties), and are the currently most reliable theoretical values.
Considering the UCCSD(T)-F12x results as shown in Tables II and III, for both P 2 H and its anion, the differences between using bases C and D (see Table I ) are negligibly small. This indicates that, as far as the RI basis sets used are concerned, the considerably smaller AVTZ_optri basis set works as well as the considerably larger AVTZ/JKFIT basis set (see Table I ), and hence these smaller RI optimized basis sets are strongly recommended to be used in future F12 calculations instead of the larger JKFIT-type basis sets. With the UCCSD(T)-F12b/E results for both P 2 H and its anion, core correlation effects (cf. results from using bases C and D, where the P 2s 2 2p 6 core electrons were not correlated) can be considered as generally behaving similar to those with RCCSD(T) calculations discussed above. When the computed UCCSD(T)-F12b/E geometrical parameters of both P 2 H and its anion are compared with the corresponding RCCSD(T)/B and RCCSD(T)/CBS values, it is pleasing that the largest differences, which are with the PP bond length, are <0.0029 and <0.0055 Å, respectively. The agreement in the computed bond angles is generally within 0.1
• . It should be noted that a single energy calculation on P 2 H at the RCCSD(T)/B level takes >19.5 times CPU time more than that at the UCCSD(T)-F12x/E level. The equilibrium geometries of P 2 H and its anion will be further discussed, when the IFCA procedure is considered below. Tables II and III , it can be seen that the ranges of computed harmonic vibrational frequencies for all three vibrational modes of both P 2 H and P 2 H − obtained at different RCCSD(T) and UCCSD(T)-F12b levels in the present study are within ∼10 cm −1 . In this connection, a reasonable estimate for the maximum uncertainties b Extrapolation to the complete basis set (CBS) limit using the 1/X 3 formula with the RCCSD(T)/A and RCCSD(T)/B values (see text). The estimated uncertainty is the difference between the RCCSD(T)/CBS and RCCSD(T)/B values. c The geometrical parameters of the anion were derived from fitting computed Franck-Condon factors to the observed vibrational structure using the B3LYP/AVTZ geometry of the neutral; see original work for detail. The ν 2 value is estimated from the observed hot band in the experimental photodetachment spectrum of Ref. 3. d Employing the B3LYP/6-311G(2d,p) geometry of the neutral to obtain the geometry of the anion; see original work for detail. e The geometrical parameters of the two electronic states were fixed to the RCCSD(T)/CBS values, except for the bond angle of the anion which was set to 106.3
COMPUTED VIBRATIONAL FREQUENCIES
First, from the results shown in
associated with the computed vibrational frequencies reported here is approximately ± 10 cm −1 . Second, computed fundamental vibrational frequencies of both P 2 H and P 2 H − are reported in the present study for the first time, and they are generally smaller than the corresponding harmonic values, as expected. In particular, the computed fundamental frequencies of the PH stretching modes of P 2 H and P 2 H − are smaller than the corresponding harmonic values by ∼110 and 140 cm −1 , respectively, showing considerable contributions from anharmonicity to the PH stretching mode of both P 2 H and its anion. Third, comparing computed fundamental frequencies of P 2 H reported here with available experimental values obtained from the photodetachment spectrum of P 2 H − , 3 it is pleasing that the agreement is within the combined theoretical and experimental uncertainties of ±40 and ±30 cm −1 for the ν 1 (PH) and ν 2 (θ ) modes, respectively. Finally, although no vibrational frequency of P 2 H was reported in Ref. Table III ). The assignment of the vibrational structure in the experimental photodetachment spectrum will be further discussed, when the simulated spectra are considered later.
Computed electron affinities of P 2 H
Computed electron affinities (EA) obtained at different levels of calculations are summarized in Table IV . Based on the RCCSD(T) results of the present study, it can be seen that while core contributions reduce computed EA values by ∼0.010 eV, basis size contributions increase computed EA values by ∼0.015 eV. The best RCCSD(T)/CBS value, which has also included core contributions, is 1.536 ± 0.014 eV (see footnote b of Table IV) . Including zero-point energy (ZPE) corrections, the best EA 0 value is 1.543 eV. Comparing this best theoretical value with the experimental value of 1.514 ± 0.010 eV from the photodetachment spectrum of P 2 H − , 3 the difference of 0.029 eV (0.67 kcal mole −1 ) is slightly larger than the combined theoretical and experimental uncertainty of ± 0.024 eV, suggesting that the 1/X 3 extrapolation method J. Chem. Phys. 135, 124312 (2011) Regarding results obtained from UCCSD(T)-F12x calculations, UCCSD(T)-F12b, UCCSD(T)-F12a, UCCSD-F12b, UCCSD-F12a, RMP2-F12, and RMP2 EA values were computed and are given in Table IV for comparison. First, similar to the optimized geometrical parameters discussed above, the differences between using basis sets C and D are negligibly small. Second, core contributions (differences between using basis set C or D, where P core electrons were excluded, and basis set E, where P 2s 2 2p 6 core electrons were explicitly correlated; see Table I ) to the computed EA values are ∼0.01 eV, similar to the RCCSD(T) results discussed above. Third, the differences in the computed EA values obtained between employing the UCCSD(T)-F12a and UCCSD(T)-F12b methods are 0.019 eV with basis sets C and D, and 0.013 eV with basis set E. In all cases, the F12a values are larger than the F12b values, and slightly closer to the experimental value than the corresponding F12b values. In this connection, with a TZ quality basis set, the F12a method may be preferred to the F12b method as suggested in the MOLPRO user manual. 27 Nevertheless, in general, the differences of below 0.02 eV in the computed relative electronic energy between the two variants of the F12x (x = a or b) method can be considered to be insignificant. Fourth, all the theoretically lower level results (i.e., UCCSD-F12x without triples, RMP2-F12, and RMP2) are either too large or too small by ∼0.05 eV, when compared with the UCCSD(T)-F12x values. Finally, it is pleasing that the UCCSD(T)-F12b/E EA 0 value of 1.506 eV agrees very well with the experimental value of 1.514 eV.
Simulated photodetachment spectrum of P 2 H
−
The simulated spectra obtained using three different PEFs are compared with the experimental spectrum 3 (taken at the magic angle 38 ) in Figure 1 . The simulated spectra shown in Figure 1 were obtained employing the equilibrium geometries of the two electronic states as derived from their respective PEFs (see Tables II and III) , and a Boltzmann vibrational temperature of 300 K. It can be seen that the three simulated spectra obtained using three different sets of PEFs are essentially identical, suggesting that the three sets of PEFs used are of very similar quality. Therefore, we only consider simulated spectra obtained from one of the three sets of PEFs [UCCSD(T)-F12b/E] from here onwards. When the purely theoretical simulated spectra are compared with the experimental spectrum in Figure 1 , it is pleasing to see that the agreement is already reasonably good, particularly for weak spectral features, which will be examined in more detail below.
When the IFCA procedure is carried out to obtain a simulated spectrum, which best matches the experimental spectrum, the following points have been considered. First, the vibrational structure of a photodetachment spectrum carries information only on the magnitudes of changes in the equilibrium geometrical parameters of the two electronic states involved upon photodetachment, but not on the direction of the changes and the absolute magnitudes of the geometrical parameters of both states. In this connection, in the IFCA procedure, the geometrical parameters of one state have to be fixed usually to available experimental values, while those of the other state are varied based on the predicted directions of changes from ab initio calculations (see, for example, Ref. 37 ). However, in the present case, experimental geometrical parameters are unavailable for both states concerned. Nevertheless, the best theoretical geometrical parameters obtained in the present study can be used, but the geometry to be fixed can be either that of P 2 H or P 2 H − . In this connection, we have carried out IFCA fixing the geometry of either P 2 H or P 2 H − to the respective RCCSD(T)/CBS geometry, and obtained two different sets of derived geometries of P 2 H and P 2 H − depending on which geometry is fixed in the IFCA procedure (vide infra). Nevertheless, as expected, as long as the geometry changes employed are the same, the IFCA procedure gives essentially identical simulated spectra, regardless of which geometry has been fixed. Second, in addition to the IFCA procedure discussed, we have also varied the Boltzmann vibrational temperature to be used in the spectral simulation, particularly for matching the "hot bands." However, there are limitations in the comparison between simulated and experimental spectra and they mainly come from the quality of the experimental spectrum, notably the spectral resolution and the experimental signal-to-noise. Within these experimental restrictions, a best match between the simulated and experimental spectra has been obtained using a Boltzmann temperature of 330 K, with the PP and PH bond lengths being fixed to the RCCSD(T)/CBS values (in the anion or the neutral), and a bond angle change of -9.25
• upon photodetachment, regardless of whether the bond angle of P 2 H or P 2 H − has been fixed to the RCCSD(T)/CBS values in the IFCA procedure. From the IFCA procedure, it is clear that any further variations in the geometrical parameters and/or the Boltzmann temperature would not be meaningful with the quality of the available experimental spectrum. In any case, the best simulated spectrum, which gives the best overall match with the experimental spectrum, is shown in Figure 2 together with the experimental spectrum. It is pleasing especially to see that the best simulated spectrum thus obtained gives very clear weak features, which match very well those in the experimental spectrum, and these weak spectral features will be discussed below.
Based on the simulated spectrum ( Figure 2 ) and the computed FCFs of the main band (0 K simulated spectrum; Figure 3 ) and "hot bands" (Figure 4 ), the assignment of the main experimental vibrational structure given previously 3, 4 to the 2 0 n and 1 0 1 2 0 n series is confirmed. In addition, all weak spectral features in the experimental spectrum, which are not well resolved and could not be assigned before, can now be assigned with the aid of the simulated spectrum and computed FCFs. Specifically, the very weak features in the 1.4 to 1.5 eV region and on the low electron binding energy shoulders of the main 2 0 0 , 2 0 1 , and 2 0 2 vibrational components are mainly "hot bands" arising from electron detachment from the (0,0,1) and (0,1,0) vibrational levels of P 2 H − (top and middle bar diagrams in Figure 4) . Moreover, although vibrational components due to the PP stretching in P 2 H, such as the 3 0 1 vibrational component, have not been identified in the experimental spectrum from previous studies, 3, 4 our computed FCFs suggest that they should have appreciable intensities, and in the simulated spectrum ( Figure 2 ) with a resolution of 5 meV FWHM, the 3 0 1 and 2 0 1 3 0 1 components at 1.588 and 1.668 eV can just be resolved as shoulders at the low electron binding energy side of the 2 0 1 and 2 0 2 peaks at 1.594 and 1.674 eV, respectively (see also Figure 3 ). Although Ref. 3 has stated that the resolution of the kinetic-energy analyzer used was 5-8 meV over the entire energy range, the published photodetachment spectrum of P 2 H − suggests a working resolution of probably ∼23 meV FWHM, which could not resolve these relatively weak vibrational components of the ν 3 , PP stretching mode of P 2 H. Computed ν 3 values of P 2 H are smaller than computed ν 2 values by ∼50 cm −1 (6.2 meV; see Table II ). In order to resolve vibrational components due to the PP stretching mode from those due to the bending mode, a resolution of at least 5 meV FWHM is required, as shown in the simulated spectrum (Figure 2 ). However, some weak "hot bands" are so close in energy with the main 2 0 n components that they would not be resolved even with a spectral resolution of 5 meV as used in the simulated spectrum. Nevertheless, most of the vibrational designations of the main band and "hot bands" are given in Figures 3 and 4 , including some weak 1 0 1 2 0 n and 1 0 1 2 0 n 3 0 1 combination bands in the 1.78 to 1.95 eV region (Figure 3 ). Summing up, the present study has provided a much more detailed assignment for the vibrational structure of the photodetachment spectrum of P 2 H − than reported previously. Tables II and III. b PW for present work. c The geometrical parameters of the anion were derived from fitting computed Franck-Condon factors to the observed vibrational structure using the B3LYP/AVTZ geometry of the neutral; see original work for detail. d Employing the B3LYP/6-311G(2d,p) geometry of the neutral to obtain the geometry of the anion; see original work for detail. e The geometrical parameters of the two electronic states were fixed to the RCCSD(T)/CBS values, except for the bond angles (see text).
CONCLUDING REMARKS
We have carried out state-of-the-art ab initio calculations on the ground electronic states of P 2 H and its anion. In addition to reporting the currently most reliable theoretical geometrical parameters of P 2 H and P 2 H − , which have been computed at the RCCSD(T)/CBS level (including P 2s 2 2p 6 core correlation), we have derived from the photodetachment spectrum of P 2 H − , two sets of geometrical parameters for these two species via the IFCA procedure. While the derived IFCA PP and PH bond lengths are the same as those obtained at the RCCSD(T)/CBS level, the two sets of bond angles for P 2 • upon electron detachment of P 2 H − ; the first and second sets have the bond angle of P 2 H − and P 2 H fixed to the RCCSD(T)/CBS values, respectively. The differences in the two values obtained for P 2 H and P 2 H − are a measure of the uncertainty in the bond angles from the method used. We just note that relativistic and higher order (beyond triple excitations) electron correlation contributions have been ignored in the present study. Nevertheless, for molecules consisting of second row elements (e.g., P in this work), relativistic effects have been found to be negligibly small 39 or have been ignored. 40 Higher order contributions are usually of a similar order of magnitude to that from CBS contributions (∼0.002 Å in bond length and 0.014 eV in EA, as estimated in this work; see, for example, Ref. 40) .
Since the vibrational structure in the photodetachment spectrum of P 2 H − carries information on the magnitudes of geometry changes upon electron detachment, we have compiled available computed and experimentally derived (via IFCA) geometry changes in Table V . It can be seen that computed geometry changes at relatively high levels of calculations [CCSD(T) with a large basis set] are fairly consistent for all three geometrical parameters considered, while the bond length and angle changes from DFT calculations are larger and smaller than the CCSD(T) changes, respectively. Regarding the experimentally derived geometry changes via the IFCA procedure, those from Refs. 3 and 4, employing a harmonic model, are similar to each other, but their bond length and angle changes are significantly larger and smaller, respectively, than those obtained in the present investigation which has included anharmonicity. Also, the agreement of the IFCA geometry changes including anharmonicity with the best theoretical RCCSD(T)/CBS geometry changes, both obtained in the present study, is much better than that of the IFCA geometry changes obtained within the harmonic oscillator model from Refs. 3 and 4, especially for the change in the PH bond length upon electron detachment [−0.028 Å from RCCSD(T)/CBS and IFCA including harmonicity versus −0.068 Å from Refs. 3 and 4 without anharmonicity; see Table V ]. This is expected, because anharmonicity is particularly important for the PH stretching mode, as mentioned above. Regarding the bond angle change upon electron detachment from P 2 H − , which is the largest change of the three geometrical parameters, although the IFCA change obtained here including anharmonicity is larger than the best theoretical RCCSD(T)/CBS value by 0.58
• , it can be concluded that theory and experiment agree reasonably well in the geometry changes upon electron detachment when anharmonicity is included in the theoretical model. The bond angle changes derived from the IFCA procedures within the harmonic model from Refs. 3 and 4 (−8
• and −8.3
• ; Table V) are smaller than the corresponding IFCA value including anharmonicity (−9.25
• ) and the best theoretical value (−8.67
• ) by ∼1.0 • and 0.4
• , suggesting that anharmonicity is also significant for the bending mode. Summing up, including anharmonicity in the theoretical model used in the present study has clearly improved the agreement between theory and experiment.
We have calculated both RCCSD(T)/AV5Z and UCCSD(T)-F12x (x = a or b)/ACVTZ PEFs for the ground electronic states of P 2 H and P 2 H − in the present study, and used them to compute anharmonic vibrational wavefunctions and then FCFs including Duschinsky rotation and anharmonicity. Employing the computed FCFs, we find that simulated photodetachment spectra obtained using these RCCSD(T) and UCCSD(T)-F12x PEFs are almost identical. This once again supports our previous conclusion [11] [12] [13] that the explicitly correlated method, UCCSD(T)-F12x, could be used to generate reliable PEFs in lieu of conventional correlated methods, such as RCCSD(T), at a considerably reduced cost. In addition, we have reported computed fundamental vibrational frequencies for P 2 H and P 2 H − for the first time, and these computed frequencies agree very well with available experimental values from the photodetachment spectrum of P 2 H − . Moreover, our computed FCFs and simulated spectrum have provided a more detailed assignment for the vibrational structure observed in the photodetachment spectrum of P 2 H − than previously reported. It should be noted that, for both P 2 D and P 2 D − , the computed PP stretching frequencies (ω 2 and ν 2 ) are larger than the bending frequencies (ω 3 and ν 3 ), giving a different order from those of P 2 H and P 2 H − . We have also simulated the photodetachment spectrum of P 2 D − (Figure 5 ), yet to be recorded experimentally. The computed FCFs and vibrational designations of some major vibrational components, including "hot bands," are also given in Figure 5 . It can be seen in Figure 5 that, for P 2 D, the PP stretching and bending vibrational components are more well separated from each other than in the case of P 2 H (Figures 2 and 3 ), because for P 2 D, ν 2 and ν 3 differ by 153.7 cm −1 (19 meV). Also, the computed FCFs of the PP stretching mode in the photodetachment of P 2 D − are larger than those in the photodetachment of P 2 H − (see Figures 3 and 5) . Based on the computed FCFs and simulated spectrum reported here, the PP stretching progression of P 2 D should be identifiable in the experimental photodetachment spectrum of P 2 D − , when it becomes available. In this connection, it will be interesting to see whether theory is ahead of experiment for the photodetachment spectrum of P 2 D − , as was the case of the 351 nm photodetachment spectrum of CCl 2 − .
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Summarizing, we have carried out state-of-the-art ab initio calculations and FCF calculations including anharmonicity on P 2 H and P 2 H − . These calculations have contributed to the analysis of the vibrational structure of the photodetachment spectrum of P 2 H
− . In addition, we have derived the cur- rently most reliable geometries of P 2 H and P 2 H − . Finally, we have simulated the photodetachment spectrum of P 2 D − , which is currently not available experimentally, hoping that this simulated spectrum would stimulate spectroscopists to record the experimental spectrum soon.
